In this research paper, energy and exergy analyses of water lithium bromide half effect vapour absorption refrigeration system has been carried out. Based on energy and exergy analysis the optimum intermediate pressure is computed corresponding to maximum values of coefficient of performance and exergetic efficiency under various operating conditions. It is found that the optimum intermediate pressure corresponding to maximum values of coefficient of performance and exergetic efficiency is same. The effects of low and high pressure generator temperatures, evaporator temperature, effectiveness of solution heat exchangers and difference between low and high pressure generator temperatures have been considered in computing optimum intermediate pressure. The maximum COP varies between 0.415 -0.438 and maximum exergetic efficiency varies between 6.96-13.74%.
INTRODUCTION
Refrigeration and air-conditioning systems have a major impact on energy demand with nearly 30% of the total energy consumption in the world (Buzelin et al., 2005) . The fast depletion of fossil fuels has led the scientists to search for refrigeration systems that consume less high grade energy for their operation. The vapour absorption refrigeration (VAR) systems are a good option in this context. Arivazhagan, Saravanan and Renganarayanan (2006) expressed that low temperature heat sources such as waste heat, low pressure steam, solar heat, geothermal energy, etc. can be used as input in the absorption machines. A half effect absorption cooling cycle promises the utilization of low temperature heat source such as geothermal energy or waste heat available at 60ºC to 80ºC (Herold, Radermacher and Klein, 1996) . Many researches have reported theoretical and experimental works on single and double effect absorption systems in the recent years. However the literature on half effect VAR systems is scant. Ma and Deng (1996) carried out theoretical analysis of low-temperature hot source driven two-stage half effect water lithium bromide absorption refrigeration system. The effects of varying hot water and chilled water temperatures on COP of the system have been examined. Their results revealed that the COP of half effect cycle is lower than that of single effect VAR system using water lithium bromide. Sumathy, Huang and Li (2002) developed a model of two-stage lithium bromide solar absorption chiller and reported that two stage chiller could be driven by low temperature hot water ranging from 60 to 75°C. Arivazhagan et al. (2005) carried out simulation studies of a half effect vapour absorption cycle using R134a-DMAC refrigerant-absorbent pair with low temperature heat sources for cold storage applications. The intermediate pressure of the cycle was optimized for maximum COP. It was reported that the effect of the temperature of the low absorber on the performance is more pronounced than that of the high absorber. The COP for the baseline system was found to vary from 0.35 for low evaporating and high condensing temperatures to 0.46 for high evaporating and low condensing temperatures. The second law efficiency was reported to be varying between 28-44% for the sink temperature less than 30°C. Arivazhagan, Saravanan and Renganarayanan (2006) carried out experimental investigations of a half effect vapour absorption cycle using R134a-DMAC refrigerant-absorbent pair. The performance of the system in terms of degassing range, coefficient of performance and second law efficiency was examined. The system was able to operate at as low as -7°C evaporator temperature with generator temperatures varying from 55 to 75°C. The degassing range kept in high absorber was 40% more than in low absorber when the high absorber is operated at optimum intermediate pressure.
Domínguez-Inzunza et al. (2014) studied the performance of single-effect, half-effect and double-effect in series, doubleeffect inverse and triple-effect absorption cooling systems operating with ammonia-lithium nitrate. The COP obtained was 0.3 for half effect systems at the lowest evaporator and generator temperatures Crepinsek, Goricanec and Krope (2009) examined the performance on the basis of coefficient of performance and circulation ratio of single effect and half effect absorption refrigeration cycles for refrigeration temperatures below 0°C. The focus, in this paper, was to compare performances of the ammonia-water and possible alternative refrigerant absorbent pairs viz. ammonia-lithium nitrate, ammonia sodium thiocyanate, monomethylamine-water, R22-DMEU, R32-DMEU, R124-DMEU, R152a-DMEU, R125-DMEU, R134a-DMEU, trifluoroethanol (TFE)-tetraethylenglycol dimethyl ether (TEGDME), methanol-TEGDME and R134a-DMAC.
Gebreslassie, Medrano and Boer (2010) carried out exergy analysis for single, double, triple and half effect Water-Lithium bromide absorption cycles and calculated unavoidable exergy destruction. Their study did not include the computation of optimal values of intermediate pressure in half effect cycle. Gomri (2010) used solar energy as a heat source for computing the performance of a 10 kW capacity two stage half-effect absorption cooling system. The performance was computed based on the energy and exergy analysis principles.
Thus it is obvious from the literature review that the studies carried out on half effect VAR system are either theoretical (based on energy analysis) using water lithium bromide as refrigerant absorbent pair or experimental wherein the R134a-DMAC and many other absorbent refrigerant pairs are used.
In the works mentioned above, none of the researchers explained logically about the variation of various parameters. The criteria of the researchers for the analysis was to compute either the COP or the exergetic efficiency of the half effect LiBr-H2O vapour absorption refrigeration system. None of the researcher examined the optimum performance parameters for the operation of the system for water lithium bromide system. The optimum parameters include the intermediate system pressure (i.e. LP generator pressure or HP absorber pressure), maximum COP, maximum exergetic efficiency, optimum solution circulation ratio in LP and HP circuits and effect of heat exchanger effectiveness on the maximum COP and maximum exergetic efficiency.
Considering the above facts, the objective of the present work is chosen to be the energy and exergy analysis of the water lithium bromide half effect VAR system. The energy and exergy analyses are carried out to compute the optimum intermediate pressure corresponding to maximum COP and maximum exergetic efficiency. The effects of LP and HP generators temperatures, absorber temperature, evaporator temperature and effectiveness of solution heat exchangers are studied on optimum solution circulation ratio, maximum COP and maximum exergetic efficiency of the system.
DESCRIPTION OF HALF EFFECT VAR SYSTEM
The half effect water lithium bromide absorption refrigeration system shown schematically in Fig. 1 
The refrigerant (water) is circulated through the evaporator, LP absorber, LP generator, HP absorber, HP generator and condenser. After water vapour has condensed in the condenser, it returns to the evaporator through an expansion valve. However, the absorbent lithium bromide aqueous solution is circulated within two separate stages i.e. a LP stage between the LP absorber and the LP generator, and a HP stage between the HP absorber and the HP generator. Compared to a single-stage absorption refrigeration system, there are two additional components viz. HP absorber and LP generator in a half effect system. These are used to concentrate the lithium bromide aqueous solution in the LP stage cycle.
THERMODYNAMIC ANALYSIS
Following assumptions are made for the analysis : Heat losses through the system components are negligible; and reference enthalpy (ho) and entropy (so) used for calculating exergy of the working fluid are the values for water at an environmental temperature and pressure of 25°C and 1 bar respectively. For the computing the optimum parameters of half effect VAR system, the principles of mass and material conservation, energy balance (First law of thermodynamics) and exergy balance (Second law of thermodynamics) are applied to each component of the system. Each component has been treated as a control volume with inlet and outlet streams, heat transfer and work interactions. The application of above mentioned principles is presented in the following equations. 
Mass balance
The governing equations of mass and material conservation for a steady state and steady flow system are given below:
(
The equations of mass balance in a Half Effect system are specified below.
LP generator or LP absorber (2) HP generator or HP absorber
The mass flow rate of refrigerant through evaporator is . 
Energy Balance
The first law of thermodynamics yields the energy balance of each component of the VAR system as follows: (6) The energy in each component of a Half Effect system is given by the following equations:
The coefficient of performance (COP) of the Half Effect VAR system is defined as the ratio of the cooling capacity obtained at the evaporator divided by energy input into the high and low pressure generators and pumps. Accordingly, COP is given by Eq. (19) . (19) The solution circulation ratio (SCR) is defined as the ratio of the mass flow rate of the strong solution to the mass flow rate of the refrigerant. The solution circulation ratio of the low pressure and high pressure stages are given by the equations (20) and (21) 
The base parameters considered for computation of results are evaporator temperature (Te) = 7C, condenser temperature (Tc) = 37.8C, absorber temperature in low and high pressure stages (Ta_l = Ta_h) = 37.8C, effectiveness of solution heat exchangers = 0.7, mass flow rate of refrigerant (water) = 1 kg/s.
RESULTS AND DISCUSSION
The results of the present analysis have been compared with the results of Ma and Deng (1996) . It is observed that the COP in the present work is about 5% higher than the value obtained in their work. The difference in values is due to the fact that the properties of water lithium bromide have been taken from McNeely (1985) whereas in the present study the water lithium bromide properties are referred from Pa´tek and Klomfar (2006). Moreover, the values of heat exchanger effectiveness have not been reported by them whereas in the present work the same have been considered as 0.7. Figure 4 presents the effect of generator temperature on maximum value of COP. It is observed that the maximum COP nearly remains constant with increase in generator temperature. This happens because the optimum pressure is adjusted in such a way that small reduction in heat supply in HP stage generator is observed whereas there is small increase in heat supply in LP generator. These two effects negate each other and hence maximum COP remains nearly constant.
As specified in previous paragraph that with increase in absorber temperature the optimum intermediate pressure is achieved for higher values of solution circulation ratios, hence more heat is to be supplied for the same generator temperature. Further, it is also observed that increase in condenser temperature causes more flashing during throttling in refrigerant throttle valve, hence cooling effect reduces marginally. Thus, increase in heat duty in generators and decrease in cooling effect in evaporator result in a decrease of COP when absorber and condenser temperatures increase. The maximum value of maximum COP achieved is about 0.438 (corresponding to Ta,h = Ta,l = Tc = 30ºC) whereas minimum value of maximum COP achieved is about 0.415(corresponding to Ta_h = Ta_l = Tc = 38ºC)
The variation of maximum exergetic efficiency is shown in Fig.  5 . It is observed that with increase in HP and LP generator temperatures, maximum exergetic efficiency reduces. This happens because of increase in total irreversibility. The irreversibility in generators increase, since the temperature difference between the solution exiting the solution heat exchanger and generator increases. The irreversibility in absorbers also increase because of the weak solution which leaves the solution heat exchangers is at a temperature higher than before and hence the temperature difference between refrigerant and weak solution increases causing an increase in entropy generation and consequently higher exergy destruction is observed in absorbers. The irreversibility in condenser also increases because of increase in average temperature of condenser. The change in exergy destruction in valves is negligible. Thus increase in total exergy destruction is observed for the same output exergy and hence maximum exergetic efficiency decreases. The increase in absorber temperature causes increase in solution circulation ratio in LP and HP stages and consequently exergy destruction increase causing the maximum exergetic efficiency to reduce. The maximum and minimum values of maximum exergetic efficiency obtained are 13.74% and 6.96% under identical set of conditions as specified in previous paragraph. Figures 6 and 7 illustrate the variation in optimum solution circulation ratio in LP and HP stages with generator temperature. It is observed that the optimum solution circulation ratio reduces with increase in generator temperature in HP stage up to a specific value of generator temperature and further increase in generator temperature causes the solution circulation ratio to drop suddenly. This can be explained on the basis that with increase in HP generator temperature the 'Xwh' keeps on increasing whereas 'Xsl' keeps on decreasing and correspondingly mass flow rates of weak as well as strong solution keeps on reducing in HP stage. Finally a limit reaches where the mass flow rate of weak solution is negligible and the mass of strong solution leaving the absorber is unity. Thus the solution circulation ratio is nearly unity. Hence system can't be operated above this particular value of the solution circulation ratio since this is the minimum value which can be attained. Further it is also observed that the at this specific generator temperature, the optimum intermediate pressure (i.e. optimum pressure in HP absorber or LP generator) approaches condenser pressure. This is the reason for abrupt increase in the value of solution circulation ratio in LP stage. Figure 8 illustrates the effect of evaporator temperature on optimum intermediate pressure, COPmax and maximum exergetic efficiency. It is observed that with increase in evaporator temperature, evaporator pressure increases and consequently optimum intermediate pressure also increases. The COPmax increases with increase in evaporator temperature because of reduction in solution circulation ratio in both LP and HP stages which causes heat supply rates to decrease in generators. The maximum exergetic efficiency reduces with increase in evaporator temperature. The results show a drop in both input and output exergies. However the rate of drop in output exergy per unit increase in evaporator temperature is found to be higher in comparison to rate of drop in input exergy per unit increase in evaporator temperature, hence exergetic efficiency, being a ratio of output exergy to input exergy, reduces. The variation of optimum intermediate pressure with variation in effectiveness of one of the solution heat exchanger (when the effectiveness of other heat exchanger is kept constant) is indicated in Fig. 10 . The results indicate that when effectiveness of LP heat exchanger is assumed constant while effectiveness of HP heat exchanger is varied, the optimum intermediate pressure reduces and trends reverse when effectiveness of HP heat exchanger is assumed constant while effectiveness of LP heat exchanger is varied. show that it is better to have HP generator temperature lower than the LP generator temperature since maximum COP and maximum exergetic efficiency are higher when LP generator temperature is higher than HP generator temperature. 
CONCLUSIONS
The main conclusions drawn on the basis of the analysis are listed below:
1. There exists a specific generator temperature below which a half effect system ceases to work. The COP and exergetic efficiency are zero corresponding to this value. In the present case, this value is found to be 60.5ºC corresponding to an intermediate pressure of 2 kPa (for Tc = Ta_l =Ta_h = 37.8C and Tg_h = Tg_l). The maximum value of COP achieved is about 0.41 and maximum exergetic efficiency attained is 9.5%. 
